A compression loaded sandwich column that contains a debond is analyzed using a geometrically non-linear finite element model. The model includes a cohesive zone along one face sheet/core interface whereby the debond can extend by interface crack growth. Two geometrical imperfections are introduced; a global imperfection of the sandwich column axis and a local imperfection of the debonded face sheet axis. The model predicts the sandwich column to be very sensitive to the initial debond length and the local face sheet imperfection. The study shows that the sensitivity to the face sheet imperfection results from two mechanisms: (a) interaction of local debond buckling and global buckling and (b) the development of a damaged zone at the debond crack tip. Based on the pronounced imperfection sensitivity, the author predicts that an experimental measurement of the strength of sandwich structures may exhibit a large scatter caused by geometrical variations between test specimens.
Introduction
Sandwich structures comprising a low density core and stiff face sheets have become widely used in various engineering areas where low weight is of importance. The core primarily serves as a spacer that keeps the face sheets apart, giving the sandwich structure a high bending stiffness to weight ratio. Moreover, sandwich structures possess a high global buckling resistance when subjected to in-plane compressive loads. These properties make sandwich structures a favorable alternative in applications where weight savings are essential. Wind turbine blades (see Fig. 1 ), ships, aircraft structures and trains are examples where sandwich structures are used as load carrying elements (Zenkert, 1995; Thomsen, 2006; Herrmann et al., 2006) .
Despite its geometrical simplicity, predicting the compressive strength of sandwich structures is complicated since many potential failure modes exist. During the last decades many studies have addressed the strength of sandwich structures. Comprehensive reviews are given in the books by Allen (1969) and Zenkert (1995) . A comprehensive experimental study of the compressive strength of sandwich structures was recently conducted by Fleck and Sridhar (2002) .
A mechanism that is important to sandwich structures is interaction of buckling modes. For a general engineering structure where more than one buckling mode (e.g., global buckling and a local buckling mode) is critical near the same external load, severe strength reduction may be experienced because the buckling modes can interact with each other. In that case, the structure may also be strongly sensitive to geometrical imperfections; especially imperfections having the same shape as the buckling modes (Van Der Neut, 1973) . This is an undesired feature since even very small imperfections can reduce the strength significantly below that of the perfect structure. In sandwich structures different buckling modes can potentially interact with each other and cause a reduction of the compressive strength. Buckling mode interaction in sandwich structures has been modeled by Hunt et al. (1988) using a non-linear, six degree-of-freedom analysis. The results showed that interaction of global buckling with face sheet buckling modes results in an unstable post-buckling behavior that is sensitive to imperfections. Other studies that touch on interaction of buckling modes in sandwich structures include Kim and Sridharan (2005) and Frostig (1998) .
Further complexity is added to the problem when the sandwich structure contains a debond (an area between face sheet and core with no bonding) and possible growth of this is considered. In practice, debonded areas in the face sheet/core interface are often encountered. Debonds typically result from errors in the manufacturing process or from impacts on the face sheets during use. In the presence of debonds in the interface, significant reductions of the load bearing capacity can be expected. For debonds above a critical length the strength can be limited by a complex mechanism where the debonded face sheet buckles and triggers an overall collapse. For debonds below a critical length other mechanisms can be limiting (Kwon and Yoon, 1997) ; for instance, global buckling, face sheet wrinkling, core shear fracture or face sheet fracture. Experimental assessments of the compressive strength of sandwich structures containing debonds are scarce, however a few studies have shown a strong influence of the extent of the debonded region (Jeelani et al., 2005; Zenkert and Shipsha, 2005; Vadakke and Carlsson, 2004) . Wadee and Blackmore (2001) and Wadee (2002) extended the Hunt model (Hunt et al., 1988) and studied a sandwich structure with an initial debond that could grow according to a simple fracture mechanics model. Wadee showed that debonding may result in a highly unstable snapback behavior that has a strong sensitivity to imperfections. Somers et al. (1992) provides an early analysis of the load bearing capacity of partially debonded sandwich structures. Their model is based on linear elastic fracture mechanics (LEFM) and beam theory. A conclusion from their analysis is that the Euler formula for buckling of a clamped-clamped beam, with a length equal to the debond length, can be used as a first order approximation of the local debond buckling. However, recent developments in fracture mechanics regarding composite materials have shown that LEFM is unable to describe some important phenomena in composite structures (Bao and Suo, 1992) . LEFM assumes that the extent of the energy dissipating zone at the crack tip is small compared to other dimensions (e.g., laminate thickness). Many composites fail under formation of a large fracture process zone. This typically consists of a bridging mechanism such as fiber bridging. In these cases the use of LEFM is inappropriate. A comprehensive discussion of large scale bridging is given by Bao and Suo (1992) .
A large scale fracture process zone can be modeled by cohesive zone modeling. Cohesive zone modeling (CZM) reaches back to Barenblatt (1959) and Dugdale (1960) but numerical implementation of the concept was pioneered by Needleman (1987) . Since then CZM has become a widespread method for modeling fracture in composite structures (Hutchinson and Evans, 2000; Legarth, 2004b; Li et al., 2005; Blackman et al., 2003) . CZM is a more detailed way of considering fracture since it can incorporate microscopic details of the actual fracture process taking place. In the present study, we propose a model of a partially debonded sandwich structure that is based on cohesive zone modeling.
Several experimental studies have determined interfacial fracture toughness and interface fracture mechanisms for sandwich structures (Cantwell et al., 1999; Prasad and Carlsson, 1994; Østergaard et al., 2006) . Nevertheless, a full determination of the interface fracture properties in terms of cohesive law has not been done yet. Depending on processing techniques, specimen dimensions, loading and materials the debonding mechanisms change: Some sandwich structures fracture through a brittle fracture process where the crack propagates just below the interface, in the core material. Other sandwich structures fracture at the interface if this constitutes a weak plane. Yet another fracture mechanism is fiber bridging, where the crack tip propagates in an interlayer between the face sheet and core. When the crack propagates in this layer pronounced fiber bridging is seen and a large scale fracture process zone develops (Østergaard et al., 2006) . This variation in the type of fracture can be modeled by CZM since both small and large process zones can be represented.
Based on the studies described above, a schematic overview of some potential failure modes relevant to the present study can be provided. Only the initiating failure mode is considered-in practice, other failure mechanisms will cause the ultimate collapse (e.g., face sheet fracture after onset of global buckling). Fig. 2 sketches equilibrium deformation-paths as axial compressive force, P, versus end-displacement, DL for:
• (I) A sandwich column that buckles in the global buckling mode (without interaction with any local buckling modes). This structure has a deformation-path similar to an Euler-column, see curve I in Fig. 2 . In an experimental context, such a sandwich structure will be stable in load-control (monotonically increasing load) if the load increments are sufficiently small. However, when the slope of the curve becomes horizontal equilibrium cannot be maintained because even a very small load increase will cause large deflections.
• (II) A sandwich column that collapses under buckling-interaction (e.g., interaction between the global buckling mode and face sheet wrinkling). Such a structure may exhibit an unstable behavior (Hunt et al., 1988) . A typical load versus end-displacement plot is curve II in Fig. 2 ; after a maximum load has been reached, the load decreases. In this case, load-control will result in a dynamic collapse possibly following the dashed line. However, if the loading is displacement-controlled (monotonically increasing end-displacement) the collapse will follow the equilibrium deformation-path in a stable manner.
• (III) A partially debonded sandwich structure where the debond can extend by interface fracture. As shown by Wadee (2002) snap-back can occur. Consequently, unstable collapse can be expected either if the load or the end-displacement is monotonically increasing. In a practical situation where such a sandwich column is displacement-controlled, the deformation-path would follow the dashed line in an unstable manner.
The initial post-buckling path is important since this relates to imperfection sensitivity of the structure: Sandwich structures that possess a stable deformation-path (like path I in Fig. 2) are not sensitive to imperfections. In contrast, for the buckling-interaction and the debonding (path II and path III in Fig. 2 ) sensitivity to certain imperfections exists.
In the present study we model a compression loaded symmetric sandwich column containing a debond located at the mid-span of the column. Both face sheets and core material are taken to be isotropic. Compared to the model by Wadee (2002) , we apply a large strain finite element model and include a cohesive zone to model fracture. The FE method is a very adaptable method and, for later studies, other material models are easily incorporated, e.g., orthotropy of face sheets, plasticity in the core, etc. Furthermore, CZM constitutes a detailed representation of a fracture process. With the CZM we can study details of the fracture process and understand how specific types of fracture mechanisms influence the strength of partially debonded sandwich columns. The present analysis includes the effects of two simple geometrical imperfections of engineering relevance; a column axis imperfection and a local imperfection in the debonded face sheet. This will provide an understanding of how imperfections influence the strength of the sandwich column. We obtain solutions in terms of equilibrium-deformation paths.
The paper is organized as follows: First, we define the sandwich structure and introduce a number of nondimensional parameters that uniquely specify the problem. Then, we introduce the cohesive zone to model the debonding. For the study, we select a single sandwich structure of engineering relevance. First, results are presented for the imperfection sensitivity of the partly debonded sandwich structure in a case where the interface outside the debonded region is perfectly bonded and cannot fracture. Secondly, we outline some aspects of the collapse mechanism when the debond is allowed to extend by interface crack growth. Next, the influences of interface fracture toughness and cohesive zone parameters on the post-buckling behavior is also addressed. Finally, a discussion of the results and concluding remarks are given.
Problem formulation

The sandwich column
In the present study we analyze a sandwich column of length L, which has face sheets with thickness H and core with thickness h (see Fig. 3 ). Both the face sheet material and the core material are taken to be isotropic and linearly elastic. The face material is defined by the Young's modulus E f and the Poisson's ratio m f and the core material is defined by E c and m c . In terms of non-dimensional parameters, the sandwich column is specified by 
where E ¼ E=ð1 À m 2 Þ. The column contains a debonded region of length, ' 0 , located in the interval À 1 2 Fig. 3 ). Along one interface (x 2 = 0), the interface bonding is represented by a cohesive law. The cohesive law is described in the next section.
The sandwich column has two geometrical imperfections: a global geometrical imperfection, d gl (x 1 ), of the column axis defined by 
is the local imperfection amplitude. The perfect beam specified by (1) now has three imperfections specified by the non-dimensional parameters:
Owing to symmetry of the problem only one-half of the column,
, is modeled; the symmetry line at x 1 = 0 is fixed in the x 1 -direction. Furthermore, the points (x 1 , x 2 ) = (L/2, Àh À H) and (x 1 , x 2 ) = (0, Àh À H) are fixed against displacements in the x 2 -direction. At x 1 = L/2 the sandwich column end is displaced by a uniform, incremental displacement in the x 1 -direction. The current end-shortening is denoted DL = À2v 1 (x 1 = L/2, x 2 ).
Cohesive zone model
The interface between the face sheet and core at x 2 = 0 is modeled using a modified version of the Tvergaard-Hutchinson cohesive law (Tvergaard and Hutchinson, 1993) , see Fig. 4 . The cohesive law specifies the dependence of the tractions r I t and r I n on the displacements u t and u n . Here, u n and u t are the normal and tangential components of the displacement difference across the interface, while r I n and r I t are the corresponding normal and shear stresses in the interface (see Fig. 4b ). Let u Ã n and u Ã t be characteristic values of u n and u t and define a non-dimensional damage zone measure as: such that the tractions r n and r t drop to zero at k = 1. Then, as k is monotonically increasing the tractions in the interface are given by (Tvergaard, 1990) :
where r(k) denotes the interface normal stress under pure normal separation (u t 0). r(k) is given by a trapezoidal shape that starts at r = 0 at k = 0 and increases linearly to a peak valuer at k = k 1 . This stress level is retained until k = k 2 where after it decreases linearly to zero. For 0 < k < 1 this can be written as:
where
_ u t and _ u n and _ u t are the increments of u n and u t . k max is the largest k attained through the loading history. k = k(x 1 ) constitutes a measure of the state of the interface at x 1 : For k < k 1 the interface is undamaged. For k 1 6 k < 1 the interface is damaged and for k P 1 the interface has fractured.
In order to model non-monotonic opening, a linear unloading (see Fig. 4a ) is used to represent the partly damaged interface:
To resist face sheet penetration of the core (u n < 0) we use a contact law where the normal stress is calculated according to (6)- (8), but with (6a) and (8a) replaced by
where k n is a stiffness constant. The shear stresses are still given by (6) but with the dimensionless opening parameter defined as
In the present study we use:
The parameters governing the interface law arer, u Ã n , u Ã t together with the shape factors k 1 and k 2 . The work of separation per unit area of interface (fracture toughness), C, is given by
Equivalently the parameters can be taken as C, u Ã n , u Ã t , k 1 and k 2 . In the present study we use u
In terms of non-dimensional constants the cohesive law is then specified by
The shape of this cohesive law, (7), was originally suggested to represent the fracture mechanism of ductile metals (Tvergaard and Hutchinson, 1992) . Various other cohesive laws exist. For mixed mode interfacial problems (like the present) a variation of the work of separation with opening mode could be included (Chai, 2003; Tvergaard, 1990) . However, for simplicity we use a fracture model that has mode mixity independent fracture toughness. This choice is also justified by the fact that the mode mixity for the present problem changes only slightly during the face sheet separation.
Global buckling of the sandwich column
The global buckling load P gl of a sandwich column is not accurately predicted by the Euler-buckling load. A more accurate solution takes into account shear deformation of the core (Allen, 1969; Fleck and Sridhar, 2002) :
where P S % AG, A = (h + H) 2 /h, G = E c /(1 + 2m c ) and P E is the Euler-buckling load
where (14) gives a fairly accurate estimate of the buckling load that is in agreement with numerical results. Indepth discussions concerning global buckling of sandwich structures are found elsewhere (Bazant, 2003; Bazant and Beghini, 2004) .
If we recast (14) in a dimensionless framework P gl can be expressed as:
where I 0 = (g 3 R + 6g 2 + 12g + 8)/12 is a non-dimensional second moment of area and n c = 2m c + 1. As an approximate measure of the criticality of the two buckling modes we introduce the ratio:
where cr gl is the average-column-strain, DL/L, where global buckling initiates.
cr loc is an estimate of the averagecolumn-strain, DL/L, that results in buckling of the debonded face sheet. cr loc is estimated from the Euler-buckling load of a clamped-clamped column with the same length as the debonded face sheet:
where A 0 = Rg + 2. According to the conclusions by Somers et al. (1992) , R < 1 can be used as a rough criterion for predicting in which cases face sheet buckling is observable. We will compare this criterion with the numerical results obtained in this study. Eq. (17) is also used to select sandwich columns for which R % 1 since those are of primary concern in this study.
Computational method
The problem defined in the previous section is solved using a large-strain finite element formulation. Eight node isoparametric elements are used. A special Rayleigh-Ritz finite element method has been used to ensure equilibrium solutions, also in the case of snap-back (i.e., when both end-displacement increments and load increments change sign). More details concerning the computational methods can be found elsewhere (Tvergaard, 1990 (Tvergaard, , 1976 Legarth, 2004a) . The mesh used for the computations is shown in Fig. 5 . A few calculations were carried out using more dense meshes whereby it was shown that the solutions are not mesh-dependent.
Results
Model materials
In the present study we focus on a single model sandwich column that represents a sandwich structure of practical engineering interest. The stiffness parameters of the structure are defined by E f =E c ¼ 100 and m s = m c = 0.3. The geometry of the structure is defined by L/(2H + h) = 25, g = h/H = 8. The criticality factor, R, (Eq. (17)) for a sandwich column with these parameters has been computed in Table 1 for different crack lengths. The present study will focus on cases where ' 0 /L 6 0.1 which, according to (17), is equivalent to R 6 1.52.
Unless otherwise mentioned, the following parameters are used for the cohesive law: The fracture toughness of the interface is given by C = 10 À6 E f H. The critical separation in the cohesive law is u
The initial part of the cohesive law (k < k 1 , see Fig. 4 ) gives some artificial compliance to the system, but it is a numerical necessity in cohesive zone modeling (Schellekens and De Borst, 1993) . Since the interface initially has zero thickness, u n and u t should remain zero until the damage stress (r) is reached and damage starts to evolve-until that point all deformation should be accommodated by the continuum around the interface. However, in many engineering problems the extra flexibility from the initial part of the cohesive law has only minor influence on the solutions. In connection to the present study, a convergence study showed that the solutions for the actual problem become practically independent the initial part of the cohesive law when the slope, h (see Fig. 4 ), fulfills
Unless otherwise mentioned, the shape parameters are taken to be k 1 = 0.01 and k 2 = k 1 + 0.40. This choice of k 1 ensures a cohesive law that fulfills (20) and results in a solution that is practically independent of the initial part of the cohesive law.
As an example consider a sandwich column with face sheets having Young's modulus E f = 70 GPa and thickness H = 3 mm. Then, the cohesive zone parameters defined above, correspond to C = 210 J/m 2 , u * = 30 lm andr ¼ 1 MPa (the latter is found from Eq. (12)).
Imperfection sensitivity for sandwich column with perfectly bonded interface
As an introductory study, we briefly investigate the imperfection sensitivity of a partially debonded sandwich column for the case where the interface outside the debonded region is perfectly bonded. Here, perfectly bonded is defined such that the interface should not be able to open outside the debonded region, i.e., u n = u t = 0 for x 1 6 2 [À' 0 /2; ' 0 /2]. In practice, this is modeled by specifying the cohesive law with extremely high values of C and u * : These parameters fulfill (20) so only negligible opening will occur along the interface. The influence of a, b and ' 0 /L on the load-carrying capacity is shown in Fig. 6 . On the vertical axis is the compressive force per unit width, P, normalized by the buckling load, P gl , predicted by (14). On the horizontal axis is the column-end displacement, DL normalized with the column length L. In the preceding, DL/L is referred to as the average-column-strain.
Results for three different crack lengths and various combinations of imperfections are shown. We will now outline the main findings. Taking for instance the case specified with ' 0 /L = 0.04, a = 0.01 and b = 10 À5 , the load increases with increasing end-displacement in a linear manner until the global buckling load is reached near P/P gl % 1. At the global buckling load a sudden transition into the post-buckling regime appears. Thereafter, continued end-displacement and buckling in the global mode takes place under constant load level (same behavior as for an Euler-column). Identical behavior is seen for a sandwich column with the same debond length and the same column axis imperfection but a larger local imperfection a = 0.05. Yet another case has the same initial debond length (' 0 /L = 0.04) and a local imperfection a = 0.01 but an increased column axis imperfection, b = 0.01. In this case, the behavior only differs from the two previous cases in the sense that the transition into global buckling is smoother. For all three cases, mentioned above, the load reaches the global buckling load despite the presence of the debond. This can be explained by studying the openings along the debonded interface x 1 2 [À' 0 /2; ' 0 /2]: The debonded face sheet bends inwards (u n < 0) and gets supported by the core (via the contact law Eq. (9)) and therefore the column practically behaves like an intact sandwich column. In a case with ' 0 /L = 0.04, b = 10 À5 and a = 0.2 (i.e., a larger local imperfection compared to the three previous cases) the behavior change fundamentally as a study of the openings along the debonded interface x 1 2 [ À ' 0 /2;' 0 /2] shows. For this case, the debonded face sheet buckles outwards (u n > 0). Furthermore, the deformation path now displays a maximum load after which the load decreases monotonically. Consequently, the column would be unstable in load-control, while under displacement control, it would exhibit a stable response.
From Fig. 6 can be concluded that the magnitude of the local imperfection, a, has a large influence on whether the debonded face sheet bends inward or outward. Results not included in Fig. 6 show that the larger the column axis imperfection, b, the larger the local imperfection, a, must be to ensure that the face sheet buckles outward.
Focusing on the influence of the initial debond length, curves are located closer together for longer debonds, i.e., the imperfection sensitivity decreases with increasing debond length.
Imperfection sensitivity-effect of debond crack growth
In this section we study the effect of imperfections on a sandwich column where the interface properties are specified according to Section 3.1:
For these interface parameters, the cohesive law constitutes a more realistic bonding between the face sheet and the core. We study the influence of the three imperfections ' 0 /L, a and b. In the previous section, a brief, introductory, study illustrated that the sandwich column is strongly sensitive to the imperfections and that load-controlled loading of the column would result in an unstable collapse. Furthermore, it was shown that for certain combinations of the imperfections the debonded face sheet buckles outward; and for other combinations the face sheet bends inward and is supported by the core. In this section we will start off by studying two cases that result in outward buckling and inward bending of the face sheet, respectively. The two cases are specified with imperfections given by
• Case (a): a = 0.01, b = 0.01 (outward buckling).
• Case (b): a = 0, b = 0.01 (inward bending).
The initial debond length is chosen as ' 0 /L = 0.075 for both cases. Fig. 7 shows the response of the sandwich columns for case (a) and case (b). On the vertical axis is load, P/P gl and on the horizontal axis is the average-column-strain, DL/L. Initially, the force rises in a linear manner for increasing average-column-strain. When the load bearing capacity, P cr , is reached both structures suffer unstable snap-back collapse.
For case (a) the collapse takes place at the same time as the debonded face sheet buckles outward and the interface fractures. Fig. 5 shows the deformed shape of the sandwich column just after the maximum load for the structure was reached. The displacements are exaggerated by a factor of 10. The post-buckling response can be divided into a number of stages as shown in Fig. 7 : After the first unstable stage (1. snap-back), where debond crack growth initiates, the debond has extended to a length where a load increase is again required for increasing end-displacement. Next, a second unstable collapse (2. snap-back) causes the debond to extend to the ends of the sandwich column. The final part of the response for case (a) consists of a horizontal segment that corresponds to the buckling load of the fully debonded sandwich column. The circumstances associated with the collapse of the sandwich column in case (b) are different: In this case, the debonded face sheet bends inwards and gets supported by the core. Therefore, the load continues to increase and the sandwich structure is compressed beyond the failure level for case (a) where the face sheet buckled outward. However, due to the geometrical imperfections, deformation in the global mode increases as the global buckling load is approached. This makes shear stresses build up in the interface and eventually interface shear fracture initiates near x 1 = L/4. At that point the maximum load (or load bearing capacity), P cr , is also reached. In the following the term load bearing capacity and maximum load are used interchangeably. Hereafter the structure experiences unstable snap-back collapse as seen from the dashed line in Fig. 7 (The computation for case (b) was stopped just after the onset of crack growth). Fig. 8 shows a deformed mesh from case (b) with the displacements scaled ·10. The load carrying capacity for the two structures are quite different; for case (a) P cr /P gl = 0.45 and for case (b) P cr /P gl = 0.77. However, the results for case (b) will be sensitive to the presence of debonds located near the point where the interface shear fracture initiates (x 1 % L/4). Therefore, to get a full understanding of failure mode for case (b), an additional imperfection should be included near the shear fracture initiation point. This will however not be pursued in the present paper; here we focus mainly on failure mode seen in case (a).
The transition between the failure modes in case (a) and case (b) takes place over a narrow interval of a and b: For example, with ' 0 /L = 0.1 and a = 0.01 the failure mode is outward buckling as in case (a) when b = 0.02. When increasing the column axis imperfection to b = 0.021 the failure mode becomes as in case (b). Also, inside the window of a and b combinations that result in outward buckling of the face sheet, a significant dependence on the values of a and b is seen. Fig. 9 shows the load bearing capacity, P cr , normalized by P gl versus b for a range of a-values and different initial crack lengths, ' 0 /L. Taking for instance, a = 0.01 and ' 0 /L = 0.1, the load increases slightly in the interval b = 0 to b = 0.021. In this range, failure starts by face sheet buckling and debond crack growth, a failure mode as in case (a). At b = 0.021, the curve displays a rapid rise of the failure load to P cr /P gl = 0.76. This rise reflects the shift in the failure mode to failure by global buckling and interface shear fracture (similar to case (b)). For b > 0.021 failure mode (b) develops and for increasing b (a = 0.01 still) the failure load decreases slightly. It is noted that the curve segment corresponding to failure mode (b) is independent of the crack length and of a. This is because the interface failure does not start at the initial debond.
Focusing on the failure associated with outward buckling of the face sheet (the part of the curves located to the left of the jumps in Fig. 9) , the sensitivity to a is pronounced; when increasing the face sheet imperfection from a = 0.01 to a = 0.04 the maximum load, P/P gl , is reduced from 0.93 to 0.66 for a case with ' 0 /L = 0.05 and b = 0.0035. This reduction is much larger than the reduction caused by the column axis imperfection b.
The results in Fig. 9 predict that the buckling load of a perfect column (a ! 0, b ! 0) is slightly higher than the buckling load, P gl , predicted by (16). This may be explained by higher order effects not captured by (14); for example, as the beam is compressed the Poisson's effect increases the distance between the face sheets, this increases the stiffness and the buckling load of the column. Furthermore, including a shear correction factor (Huang and Kardomateas, 2002 ) may result in a more accurate prediction. For this study the observed deviation is not important.
Inward bending of initially debonded face sheet
Interface shear fracture takes place away from the initial debond Fig. 8 . When a = 0.0 and b = 0.01, the sandwich column initially deforms in a global buckling mode but an interface crack emerges due to the shear stress in the interface. The displacements are scaled ·10.
Another parameter that has a major influence on the load bearing capacity of the sandwich column is the initial debond length ' 0 /L. Fig. 10 shows the maximum load as a function of the initial debond length. The curves consist of a horizontal line (constant P/P gl ) and a decreasing part for increasing ' 0 /L. When ' 0 /L is below a critical value (and b = 0), the load reaches the horizontal line at P cr /P gl = 0.87, where interface shear fracture takes place as a result of the global buckling, as in case (b). For ' 0 /L-values exceeding the critical length, failure mode (a) outward buckling becomes active and the load bearing capacity is rapidly reduced for increasing ' 0 /L. The critical value of ' 0 /L is affected by the imperfections a and b as is seen in Fig. 10 : When the face sheet imperfection, a, is increased the critical ' 0 /L decreases. The column axis imperfection, b, has the opposite effect-when this is increased the critical ' 0 /L-value also increases.
Detail study at the crack tip
It is of interest to investigate the behavior near the debond crack tip when the fracture process zone is modeled by a cohesive zone. Fig. 11 shows the state of the interface as the sandwich column collapses in a case (a) situation. Compressive load normalized by the global buckling load, P/P gl , is on the vertical axis and the hor- izontal axis shows the normalized distance to the mid-section, 2x 1 /L. First, focus on the solid line. This represents the correlation between the load and the location of the point in the interface at which damage is just present (k = k 1 ); in front of this point the interface is intact (k < k 1 ). In the initial stage of the loading, the entire interface in front of the initial debond is intact (k < k 1 ) and no damage front is present. When the load reaches P/P gl = 0.25, the cohesive element just in front of the debond crack tip (x 1 = ' 0 /2) starts to develop damage (k P k 1 ); therefore, the solid line emerges at x 1 = ' 0 /2. As the loading continues the damage front extends forward. At P/P gl = 0.45 the load reaches a maximum and starts to decrease while the damage front still continues to move forward. Now focus on the thin dashed line that shows the location of the crack front (k = 1). When the load has decreased to P/P gl = 0.38, k = 1 at the initial crack tip, so that the debond crack tip starts to propagate. The horizontal distance between the solid line and the dashed line represents the current length of the damage zone ' DZ . For example, in Fig. 11 , the length of the damage zone is ' DZ % 7H at the onset of crack growth and it remains approximately constant in size throughout the collapse. From Fig. 11 it is also seen that throughout the process the damage front and the crack tip propagate continuously forward.
Figs. 9 and 10 have shown that the P À DL relationship is significantly influenced by the local imperfection a. The dependence on the imperfection amplitude a may be attributed to the crack growth mechanism and the development of a damage zone prior to collapse. In order to clarify this we study how a influences what occurs at the crack tip.
In Fig. 12 the horizontal axis is the position of the damage front, x 1 /H, and the vertical axis is the load, P/ P gl . The lines represent the location of the damage front (k = k 1 ) for different values of a. Taking for instance a = 0.02 the damage front starts to form at the debond crack tip at x 1 /H = 18.75 when P/P gl = 0.175. The damage front then moves forward and when it is at x 1 /H = 26 the maximum load is reached and the load starts to decrease. The results show that, for increasing face sheet imperfection, a, the length of the damage zone at the maximum load,' DZ ; increases. At the same time the maximum load the column can carry decreases. A physical explanation of this behavior is now proposed. Initially, the debonded face sheet acts as an imperfect strut that has some rotational flexibility at its ends, x 1 = ±' 0 /2. Since the interface is very rigid, the rotational flexibility at the ends results mainly from flexibility of the core. However, as the sandwich column is loaded, the debonded face sheet bends outward and the interface tractions increase. Eventually, the peak stress,r, is reached and a damage zone starts to develop from the debond crack tip. The damaged zone is softer and adds extra rotational flexibility at the ends of the debond. This makes the face sheet deform like an effectively longer strut and the buckling of it takes place at a lower load. 
Influence of the non-dimensional interface fracture toughness on the overall response
The results in the previous section have shown how the debond growth results in a structure that is very sensitive to imperfections and collapses by a snap-back mechanism. In this section we investigate how the highly unstable collapse behavior of the sandwich column (illustrated in Fig. 7) is influenced by the nondimensional interface fracture toughness, C/E f H. The imperfections are as in case (a), i.e., a = b = 0.01.
The non-dimensional interface fracture toughness is modified by changing the critical opening u * and the peak stressr proportionally, see Fig. 13a . For instance, to accommodate a factor / increase of C/E f H the parametersr and u * are both increased by a factor ffiffiffi ffi / p . Figs. 14-16 show the normalized compressive load, P/P gl , against DL/L, for different non-dimensional interface fracture toughness values and different initial debond lengths. Results for values of C/E f H ranging from 10 À6 to 1 are shown in the figures. The example in Fig. 7 illustrated that the collapse comprised two snap-backs. The present results show that increasing the values of the non-dimensional interface fracture toughness raise the post-buckling response and ultimately it reaches a limit defined by a curve for C/E f H ! 1. Along with this tendency, increasing C/E f H also changes the characteristics of the first snap-back. Taking for instance ' 0 /L = 0.05 (Fig. 14) , we see that as the fracture toughness is increased the slope of the curve right after the maximum load is changed. Thus, the slope is negative for C/(E f H AE 10 À6 ) > 1000. From a practical point-of-view this implies that the structure is stable under prescribed displacement. Taking instead ' 0 /L = 0.1 (Fig. 16) , we see that while C/(E f H AE 10 À6 ) = 20 results in a snap-back, the snap-back has disappeared for C/(E f H AE 10 À6 ) = 80. These two examples show the general trend that the longer the debond is, the less interface fracture toughness is needed to ensure that it is stable under displacement-control.
The non-dimensional interface fracture toughness also influences the occurrence of a second snap-back. For instance, in Fig. 15 , the sandwich column with C/E f H = 10 À6 experienced the second snap-back at DL/L = 0.0018 whereas an interface with C/(E f H) = 40 · 10 À6 increases this value to DL/L = 0.008 which also is larger than the strain level at which the first snap-back sets in (DL/L = 0.005).
3.6. Influence of the peak stress and the critical separation of the interface In Figs. 14-16 the increase of the interface fracture toughness was accommodated by a proportional increase of the interface parameters. In the present section the response of the sandwich column is computed with different combinations of the critical separation, u * , (see Eq. (5)) andr while C/E f H is maintained at a fixed value, see Fig. 13b . This way of varying the cohesive law represents the effect of changing the type of fracture mechanism. The actual shape of the cohesive law may also have an appreciable effect on the response (see for instance Chai, 2003 , who showed that the strength of a panel with a central hole depends somewhat on the actual shape of the cohesive law). For this study, C/(E f H · 10 À6 ) = 40 is selected to represent the interface fracture toughness and the initial debond is selected as ' 0 /L = 0.075. The results are shown in Fig. 17 for values of u * ranging from 0.1H to 2.5H. According to (12) each u * corresponds to oner, see Table 2 .
The results show that the load carrying capacity increases as u * decreases (andr increases). This trend may be explained as follows: As described in Section 3.4 the finite deflection of the debonded face sheet prior to its buckling, causes interface stresses to build up at the debond crack tip. When these stresses reach the peak stress a softened damage zone starts to develop in front of the crack tip. This zone provides extra rotational flexibility and the debond buckling is pushed forward. However, when the interface peak stress,r, is increased, a larger finite deflection is needed to initiate damage at the crack tip and therefore the sandwich structure fails at a higher external load level, despite the fact that the fracture toughness is unchanged. Table 2 . The maximum loads achieved are indicated by the arrows. Fig. 17 also shows that after the 1st snap-back, all curves coincide at a plateau level that is independent of the actual combination of u * andr. However, continued compression of the sandwich column causes the curves to branch off depending on the actual combinations of u * andr. Furthermore, the results show that the 2nd snap-back occurs at higher strains as u * is decreased (or asr is increased).
Discussion and concluding remarks
This study considered the influence of a global column axis imperfection and a local face sheet imperfection on the compressive strength of a sandwich column containing an initial debond. The results show a strong dependence on the imperfections: The actual combination of the imperfections controls whether the debonded face sheet bends inward and is supported by the core or if it buckles outward and triggers an overall collapse. The type of failure mode selected has a major influence on the load bearing capacity of a sandwich structure. In the case of inward bending, the face sheet does not buckle and the load continues to increase until another failure mechanism limits the load bearing capacity. In the case of a perfectly bonded interface, that limiting mechanism is global buckling. If the interface is able to fracture, the model predicts that interface shear fracture limits the load bearing capacity. However, for a true sandwich structure other failure mechanisms may limit the load bearing capacity, e.g., shear failure in the core, or yielding in the core. Also the face sheet may fail because the compressive strength or the yield stress is exceeded.
Indeed, the amplitude of the face sheet imperfection, a, has a strong influence on the load bearing capacity for the cases where the column fails by outward buckling of the debonded face sheet. For instance, for a debond length ' 0 /L = 0.05 and global imperfection b = 0.0035 the onset of failure is reduced from 93% to 66% of the global buckling load when the face sheet imperfection is increased from a = 0.01 to a = 0.04. For a real sandwich column having a face sheet thickness H = 3 mm the difference between these values corresponds to no more than 90 lm. Face sheet irregularities of this order of magnitude are commonly encountered. When fiber reinforced polymers are used as face sheets a slightly unsymmetrical layup may have imperfections of this magnitude or larger and would seem perfect prior to loading.
A physical explanation of the imperfection sensitivity was sought. A detailed study at the crack tip showed how a damage zone develops from the debonded crack tip during loading of the sandwich column. The crack tip damage zone corresponds to an effectively longer debond and therefore the debonded face sheet reaches its buckling load at a lower load, viz. the sandwich column fails at a lower load. The magnitude of the face sheet imperfection has a significant effect on the extent of the crack tip damage zone and consequently also on the buckling load of the debonded face sheet and the failure load of the sandwich column.
It is not possible to conclude that imperfection sensitivity is only introduced through the damage zone development. As shown in Section 3.2 severe imperfection sensitivity is also present even if the interface is perfectly bonded. That was interpreted as interaction of buckling modes. In a general case, imperfection sensitivity may result from a complex interplay of buckling mode interaction and development of damage at the debond crack tip.
In an experimental context, the imperfection sensitivity implies that severe scatter of the load bearing capacity can be expected. Other structures that are very sensitive to imperfections such as circular cylindrical shells also exhibit large experimental scatter. For these structures, the imperfection sensitivity has lead to the practice of using a knock-down factor for the strength to achieve more useful engineering predictions of strength (Brush and Almroth, 1975) . 
À4
The properties of the interface (the cohesive zone parameters) clearly has an influence on the overall collapse response of sandwich structures. To understand the influence in greater detail, we investigated the effect of interface toughness on the collapse mechanism. Generally, increasing the interface toughness was shown to have a stabilizing effect on the collapse. In some cases, increasing the (non-dimensional) interface fracture toughness changed the snap-back into a stable collapse, where both load and strain are monotonically increasing. This was seen for the longest crack lengths analyzed, ' 0 /L = 0.1, in Fig. 16 . For the shorter crack lengths (' 0 /L = 0.075 and ' 0 /L = 0.05, Figs. 14 and 15) increasing the interface toughness can change the snap-back curve into an unstable curve that displays a continuously increasing end-displacement but a decreasing load during the collapse. The curves in Figs. 14-16 show that as the initial crack length is increased a lower (nondimensional) interface fracture toughness is required to avoid the 1st snap-back.
